Abstract: Breaching of coastal barriers is a three-dimensional process induced by complex interactions between hydrodynamics, sediment transport and soil avalanching processes. Although numerous coastal barriers are breached every year in many coastal countries, causing dramatic inundations of the nearshore areas, the understanding of the processes and interactions associated with both breaching and subsequent flood propagation is still poor. This might explain why their combined modelling and prediction has not yet been sufficiently addressed. Consequently, barrier breaching and subsequent inundation are still often modelled separately, thus ignoring the strong interaction between breaching and flooding. However, the combined modelling of such strongly coupled processes is crucial. Since the open-source model system "XBeach" consists, among others, of a nonlinear shallow water solver coupled with a morphodynamic model, also including a soil avalanching module, it has the potential to simulate both breaching and subsequent flood propagation together. Indeed, the mutual interactions between hydrodynamics and morphodynamics (including soil avalanching) are properly accounted for. This paper, therefore, aims to examine the applicability of XBeach for modelling coastal barrier breaching and inundation modelling in combination, instead of the current approaches, which address the modelling of each of these two processes separately. The performance of XBeach, in terms of inundation modelling, is assessed through comparisons of the results from this model system (i) with the results from common 1D and 2D flood propagation models and (ii) with observations for barrier breaching and subsequent inundation from a real case study. Besides providing an improved understanding of the breaching process, the results of this study demonstrate a new promising application of XBeach and its potential for calculating time-varying inland discharges, as well as for combined modelling of both dune breaching and subsequent flood propagation in coastal zones.
Introduction
Coastal floods induced by extreme storm surges are among the most destructive natural disasters. They may become even more destructive (Smith, 2013 [1] ; Lilai et al. 2016 [2] ), especially when these floods result from coastal barrier breaching, where significant inland flow with very high velocities can extend widely in the hinterland in a relatively short time (Kraus and Wamsley, 2003 [3] ; Roger et al. 2010 [4] ; Bisschop et al. 2010 [5] ; Wu et al. 2011 [6] ). Catastrophic coastal floods are generally associated with loss of lives and injuries, as well as significant direct and indirect economic losses (e.g., Sills et al. 2008 [7] ). In addition to these losses, coastal floods may have severe environmental and ecological consequences, e.g., groundwater contamination due to saltwater intrusion into aquifers (e.g., Yang et al. 2013 [8] ; 2015 [9] ).
The prediction of a storm-induced flood through a breach-induced inlet represents a real challenge because storm-induced breaches represent a multi-scale problem governed by complex interactions between a large variety of relatively uncertain hydrodynamic and sediment-related processes at different time and length scales (Wu et al. 2011 [6] ; Christensen et al. 2013 [10] ; He et al. 2015 [11] ). These processes and interactions are, for instance, (i) combined water level rise and increased wave exposure during a storm surge, (ii) coastal barrier erosion and breach development, and (iii) subsequent flow into the hinterland and inundation during/after completion of the breach growth. The entirety of all these processes constitutes coastal flooding as a physical system with its own characteristic dynamics. Because the outcomes of this system may lead to catastrophic consequences (e.g., Hinkel et al. 2014 [12] ), it is important to analyse these system dynamics as well as the expected consequences and the human intervention of such a system. For this purpose, the knowledge of the distribution of the maximum water levels in the flooded area(s) as well as the description of the path and the temporal propagation of the inundation by considering the size and shape of the flood prone area, its topography and any obstacles that can block or hinder the development of the flood, are crucial. In fact, they represent important and useful information to the decision makers, if implemented in rescue and emergency plans for the flood prone area (Cheung et al. 2003 [13] ). Moreover, they can be used to estimate the economic and the environmental consequences of a flood.
The main issue when modelling coastal inundation is the assessment of the volume flux of water that passes the sea defences (i.e., the inland flow hydrograph Q(t)) during an overtopping/overflow event and/or through a breach induced inlet. In earlier studies of coastal flooding (e.g., Bates et al. 2005 [14] , Chini et al. 2012 [15] and Smith et al. 2012 [16] ), this information has often been missing. Only rough estimates could be proposed based on volume reconstruction using, for instance, aerial photographs to estimate the flood extent and then working out the water volume and hence the mean flow rate during the coastal inundation event. As a result, the mean flow rate is used as the input for a common flood model to numerically reproduce the flood event. For the same purpose, other studies (e.g., McCabe et al. 2013 [17] , Chini and Stansby, 2012 [18] , Gallien et al. 2014 [19] , Tsoukala et al. 2016 [20] ) attempted to estimate temporally variable overflow rates along representative discrete transects using the empirical equations and/or neural network tool recommended by static models (e.g., EurOtop of Pullen et al. 2007 [21] ). However, the inundation extent, calculated based on such static models, is often substantially overestimated when compared to real flood extent observations (Gallien et al. 2014 [19] ; Vousdoukas et al. 2016 [22] ). Moreover, such empirical models cannot be used to calculate the inland discharge through a breach induced inlet because of the dynamic nature of the breaching process, which cannot be analysed based on static and empirically-based overtopping/overflow models (e.g., EurOtop) by simply comparing water levels and land elevations. Recently, XBeach, a coastal hydro-morphodynamic open-source model developed with funding and support by the US Army Corps of Engineers, the consortium of UNESCO-IHE, Deltares, Delft University of Technology and the University of Miami (Roelvink et al. 2009 [23] ), has been used in few studies (e.g., Giardino et al. 2011 [24] , Barnard et al. 2014 [25] , Gallien and Guza, 2015 [26] and Gallien, 2016 [27] ) to numerically estimate temporally variable overtopping volumes (in the form of intermittent overtopping rates) along representative discrete transects. The latter are also applied as input conditions for a common inundation model. The comparison between the overtopping rates calculated by static models (e.g., EurOtop) and dynamic models (e.g., XBeach) showed that the outcomes of the latter are more accurate (Gallien, 2016 [27] ). In fact, XBeach can predict overtopping rates with a relatively high coefficient of regression (R 2 = 0.87) (Palmsten and Splinter, 2016 [28] ). However, the application of XBeach in coastal inundation studies is still limited to the estimation of wave overtopping rates.
To date, the modelling of coastal flood induced by overtopping is based on two subsequent and uncoupled modelling approaches:
(i) empirical model (e.g., EurOtop) or numerical model (e.g., XBeach) to predict overtopping rates along representative discrete transects for overland flow model input, and
(ii) Computational Fluid Dynamics (CFD) solver used as inundation models to simulate the overland and surface runoff using the results from the overtopping models as input conditions (Wadey et al. 2012 [29] ; Gallien, 2016 [27] ; Worni et al. 2014 [30] ). Such CFD models (e.g., River-2D, ISIS-2D, BASEMENT-2D, MIKE FLOOD, BreZo, DIVAST, TELEMAC-2D, TUFLOW or SOBEK) are generally based on the solution of the nonlinear shallow water equations (NLSWEs).
Similarly, the current modelling of a breach-induced flood is based on two subsequent and uncoupled modelling approaches:
(i) breaching model (e.g., XBeach) to calculate the flow rates through a breach-induced inlet and (ii) CFD model as described above to simulate the inundation resulting from the breach.
Indeed, such modelling approaches are more common in fluvial environments than in coastal environments, especially when analysing breaching-induced floods at conditions when a landslide dam retards the flow in a river stream (e.g., Elsayed, 2013 [31] ; Radice and Elsayed, 2014 [32] ; Fan et al. 2012 [33] ; Popescu et al. 2010 [34] ). The weaknesses of such uncoupled modelling approaches arise from the need to "manually" transfer the outcomes of the overtopping/breaching model to the inundation model. Moreover, by dividing the whole system into two subsystems, such separate modelling approaches partially omit the continuity of the processes and their interactions in both subsystems. Among these subsystems, the mass (flow) can be transferred in the form of inland hydrograph, but the flow velocity and thus the momentum cannot, which means that the momentum conservation principle is usually omitted through the flow transition between these subsystems. Though the momentum is mostly of importance close to the breach, the omission of the momentum transfer between the decoupled breaching and inundation models would also affect the far field, even to a lesser extent. In fact, the far field will be affected much less than the near field as shown, for instance, in Figures 8 and 9 , showing that the water levels obtained from both coupled and decoupled approaches tend to converge in the far field.
In order to overcome the weaknesses of such separate modelling approaches, combined modelling of overtopping/breaching of coastal barriers under extreme storm surges and subsequent coastal flooding is crucial. As a result, a single model system can carry out the computations over a single calculation mesh containing both the bathymetry of the nearshore area and the topography of the shore/hinterland. Indeed, many studies (e.g., Christensen et al. 2013 [10] ; Tadesse et al. 2014 [35] ; He et al. 2015 [11] ; Bertin et al. 2014 [36] ; Roland et al. 2012 [37] ; [38] ) attempted to simulate storm surges and the induced coastal flooding in a single model. However, in these studies either the morphodynamics and thus the storm-induced breaches are omitted (e.g., Bertin et al. 2014 [36] ; Roland et al. 2012 [37] ; [38] ) or a proper breaching/morphological module is lacking (e.g., Christensen et al. 2013 [10] ; Tadesse et al. 2014 [35] ; He et al. 2015 [11] ). However, all these studies were based on solving the NLSWEs over a single calculation mesh that contains the bathymetry of the nearshore area and the topography of the shore/hinterland.
The model system XBeach also includes a solver for the NLSWEs (CFD module) as well as a morphodynamic solver together with a soil avalanching module, which revolves around a user-defined critical slope. Therefore, its application can be extended to simulate coastal inundation, together with overtopping/breaching in a single model system, using a unique calculation mesh for both CFD and morphodynamic modules. While the morphodynamic solver is applied to simulate sediment transport and morphological changes, including breach development, the CFD solver is used for the combined modelling of overtopping and overflow processes, the flow through the developing breach and the subsequent coastal inundation processes. In addition to overcoming the aforementioned weaknesses of the separate modelling approaches, such combined modelling provides the advantages of (i) simulating the mutual interaction between hydrodynamics and morphodynamics, including soil avalanching, and (ii) considering the longshore variability of the hydraulic load and/or the coastal barrier topography. XBeach, on the other hand, is a freely available open-source code, which means that users can make changes to the programme through changes to the code itself, to suit the needs of individual users and projects. Moreover, the model is being continuously improved by applications in diverse coastal environments worldwide in order to include all the nearshore processes, which are not included yet in the model (e.g., [39] and Bendoni, 2015 [40] ). Furthermore, XBeach has been successfully applied to simulate barrier breaching in coastal environments (e.g., Roelvink et al. 2009 [23] ; De Vet, 2014 [41] ) and also to flood propagation in fluvial environments (Hartanto et al. 2011 [42] ; Beevers et al. 2016 [43] ). However, to the authors' knowledge, XBeach has not yet been applied as an inundation model and a breaching model in combination. Moreover, no study has yet attempted to even calculate the inland discharge through a breach induced inlet using XBeach. For the latter reasons, the current applications of XBeach in coastal inundation studies are, as yet, limited (i) to the estimation of overtopping rates along representative discrete transects for overland flow model input or (ii) to the reproduction of previous overwash/breaching events without exploiting the overwash/breaching outcomes in coastal inundation studies. This paper, therefore, aims (i) to extend the scope of using XBeach by examining its applicability for modelling coastal barrier breaching and inundation modelling in combination, instead of the current approach, which addresses the modelling of each of these two processes separately, (ii) at a comparative analysis of the results from the latter approach (decoupled approach) with the results of the proposed combined modelling approach using XBeach, (iii) to introduce a computing technique for calculating the flow through breaches reproduced by XBeach (inland hydrograph), and (iv) to improve the understanding of the processes and interactions associated with both breaching and subsequent flood propagation.
The examination of the XBeach performance as an inundation model is carried out through comparisons:
(i) with the results from common 1D and 2D CFD models for flood propagation (e.g., Hydrologic
Engineering Center's River Analysis System (HEC-RAS)(1D) and River-2D)), using the calculated inland hydrograph through a breach-induced inlet(s) as the upstream inflow condition for these models and (ii) with observations for breaching and subsequent inundation from a real case study.
The paper is structured as follows: Section 2 provides a brief overview of the numerical models applied in this study, including the hydro-morphodynamic model XBeach, and the 1D model HEC-RAS and River-2D model (both for inundation), besides highlighting the main differences between XBeach and both inundation models. Section 3 describes synthetic and real cases that are applied to assess the performance of XBeach. Section 4 describes the study results, Section 5 discusses the results and Section 6 presents the study conclusions.
Methods
The circulation of water in oceans, seas and rivers is a three-dimensional (3D) process, which is usually analysed using the 3D continuity equation and the 3D Navier-Stokes equations that are obtained, respectively, from mass and momentum conservation principles (Vreugdenhil, 2013 [44] ; Weiyan, 1992 [45] ). However, circulation in flumes, flooded straight roads, estuaries, rivers and cross-shore coastal profiles can be simplified and simulated using a one-dimensional (1D) version of the continuity and momentum equations which are known as Saint-Venant equations (Saint-Venant, 1871 [46] ). For studies related to nearshore water circulation, and also often for modelling coastal flooding and the induced inland inundation, the vertical velocity component in the full 3D Navier-Stokes equations can be neglected. As a result, the so-called (2D) shallow-water equations is obtained, which is the case of the CFD module in XBeach and the common inundation models (e.g., River-2D of Steffler and Blackburn, 2002 [47] ).
In this study, three numerical codes are used: HEC-RAS, River-2D and XBeach. XBeach is applied over a single calculation grid to simulate nearshore processes, induced overtopping, overwash and/or breaching as well as flood propagation in the hinterland. The application of HEC-RAS and River-2D is limited only to examine the XBeach performance for flood propagation in the hinterland, where the inland discharge computed from XBeach at the landward toe of the coastal barrier is used as an upstream input to the inundation models HEC-RAS or River-2D. Therefore, both inundation models simulate the hydrodynamics over a grid containing only the topography of the shore/hinterland. Examining the XBeach performance as an inundation model is required because the validity of XBeach outside its original application domain (nearshore hydrodynamics and morphodynamics) needs first to be comprehensively tested. As a result, the applicability of XBeach in inundation modelling may open the door to a greater number of users beyond the current applications. Moreover, such an examination also enables assessing the current approaches for modelling coastal floods (i.e., the one-way coupling between the overtopping/breaching model and another inundation model) as compared to the proposed approach using XBeach to simulate both overtopping/breaching and subsequent inundation in combination. The following subsections provide a brief overview of the three aforementioned codes.
HEC-RAS
HEC-RAS is a 1D St. Venant model developed by the US Army Corps of Engineers to manage river flow. The HEC-RAS software has found wide acceptance among hydraulic engineers and researchers due to its robust channel flow analysis capabilities and its ability to determine floodplain areas. Furthermore, HEC-RAS uses steady and unsteady state modelling routines based on solving the full 1D St. Venant equations (Equations (1) and (2) ). The balance of the discharge (mass) in and out a control volume is determined in the model through the continuity equation (Equation (1)) while the balance of forces (momentum) within the same control volume is determined by the momentum equation (Equation (2)) in the form of accelerations balance, including inertial (local + convective), pressure, gravity and friction accelerations. These equations are discretized using the finite difference method and solved using a four point implicit (box) method (Szymkiewicz, 1996 [48] ). In addition to solving the St. Venant equations, HEC-RAS can calculate the sediment transport potential using simple formulae, e.g., the formula of Meyer-Peter and Muller, 1948 [49] (Pender et al. 2015 [50] ; Brunner, 2016 [51] ).
River-2D
The River-2D model (Steffler and Blackburn, 2002 [47] ) is a finite element solver for the two-dimensional (2D) depth-averaged NLSWEs (Equations (3)-(5)). It was developed by the University of Alberta, Edmonton, Alberta, Canada. The River-2D suite actually consists of three main programmes: R2D_Bed, R2D_Mesh and River-2D. These programmes are typically used in succession, in which the normal modelling process would involve creating a preliminary bed topography file from raw field data, then editing and refining it using R2D_Bed. The resulting bed topography file is used in R2D_Mesh to develop a computational discretization based on the Triangulated Irregular Network (TIN) methodology as input to River-2D, which is then used to solve for the water depths and velocities throughout the discretization and to visualise and interpret the results. , where τ bx = ρg·d·S f x and τ by = ρg·d·S f y . The friction slope terms s f x and s f y depend on the bed shear stresses that are assumed to be related to the magnitude and direction of the depth averaged velocities and a dimensionless bed friction coefficient c f (Steffler and Blackburn, 2002 [47] ) as follows.
XBeach
XBeach is a coupled stochastic (phase-averaged) spectral wave model for storm-induced waves and the nonlinear shallow water model for infragravity waves (Roelvink et al. 2009 [23] ; Roelvink et al. 2015 [52] ). Therefore, XBeach describes short-wave processes in a stochastic manner, solving the phase-averaged wave action equation of Holthuijsen et al. 1989 [53] often based on empirical formulations calibrated to field or laboratory data (Buckley et al. 2014 [54] ). However, the infragravity wave motions and mean flows induced mass-flux and the subsequent (return) flow are modelled in a deterministic manner based on mass and momentum conservation laws, solving the NLSWEs using a finite difference scheme, where the short wave induced radiation forces (F x and F y [N/m 2 ]) are input as the external source term on the NLSWEs as follows
Comparing Equations (7)- (9) with the NLSWEs for any common inundation model (e.g., Equations (3)-(5) for River-2D), two main differences can be noticed: (i) the representation of the depth-averaged velocities (u and v) and (ii) the short wave induced forces (F x and F y ).
In the NLSWEs of XBeach (Equations (7)- (9)), most of the terms are formulated in terms of the Lagrangian velocities (superscript L), which are defined as the distance a water particle travels in one wave period divided by this period. Only the bed shear stresses (Equation (10) ) are formulated in terms of the Eulerian velocities (superscript E) and defined as the short-wave-averaged velocity observed at a fixed point.
c f is another dimensionless bed friction coefficient equivalent to that in Equation (6)
. The root-mean-squared orbital velocity u rms [m/s] is the short wave orbital velocity that is at bed obtained from the wave group varying wave energy using linear wave theory (Sultan, 1992 [55] ) as: [52] ).
The NLSWEs of the common inundation models (e.g., River-2D) are formulated in terms of the Eulerian velocities only, i.e., all the velocities in Equations (3)-(5), for instance, are represented by the Eulerian frame of reference in contrast to XBeach, which mixes between the Eulerian and Lagrangian frames. The latter represents one of the main differences between XBeach and any other inundation model. However, this difference vanishes if the shortwave energy is fully dissipated through the transition from the coastal zone to the hinterland. As a result, the formulation of the bed shear stresses in XBeach (Equation (10)) yields to that in Equation (6) , which is the formulation of the bed shear stresses in several inundation models (e.g., River-2D or BASEMENT-2D of Vetsch et al. 2016 [56] ). XBeach has, therefore, a more generic representation of the bed shear stresses and the depth-averaged velocities, which is known as Generalized Lagrangian Mean (GLM). According to Andrews and McIntyre, 1978 [57] and Walstra et al. 2001 [58] , the GLM approach applies to any problem, whose governing equations are given in Eulerian form (e.g., common inundation models), with a more thorough representation of the real processes (e.g., the GLM approach provides a far more direct route to wave dissipation mechanism than does the conventional Eulerian-mean description).
The wave induced forces F x and F y represent the second basic difference between XBeach and any other inundation model. The magnitude of these forces depends mainly on the wave energy in deeper water. A significant part of this energy is dissipated due to wave breaking and bed friction effects, as well as due to waves diffraction through the breach-induced inlet (e.g., Ambrosio and Siegle, 2014 [59] ). When using XBeach as an inundation model, the flood propagation in the hinterland may be affected by the non-dissipated part of wave energy, i.e., the wave-induced forces might still have considerable values in the hinterland that would affect the propagation kinematics and inundation depths. However, this remaining wave energy is expected to be rapidly dissipated in the hinterland under the bed friction effect. As a result, the terms of the short wave-induced forces in Equations (8) and (9) would vanish quickly in the hinterland and become identical to Equations (4) and (5) , which are the momentum equations for the state of the art inundation models. Therefore, XBeach can be applied in both coastal and fluvial environments (Hartanto et al. 2011 [42] ; Beevers et al. 2016 [43] ). In fluvial environments, velocities are usually described by the Eulerian form of the NLSWEs. As a result, XBeach can simulate the hydrodynamics in both the nearshore area and the hinterland with the capability of simulating the induced morphodynamics, including soil avalanching.
The most interesting feature in the morphodynamic part of XBeach is the inclusion of a soil avalanching algorithm that accounts for the slumping of sandy material from the dune face to the foreshore or from the breach sides to inside the breach (see, e.g., Swartenbroekx et al. 2010 [60] , Evangelista et al. 2015 [61] , and Wainwright and Baldock, 2015 [62] ). Avalanching is introduced in XBeach by introducing a critical bed slope steepness for both dry and wet areas. It is considered that inundated areas are much more prone to slumping. Therefore, two separate critical slopes for dry and wet points are used, which are by default 1.0 and 0.3, respectively. In fact, the default value for the dry slope (1) satisfies the equilibrium profile of Vellinga, (1986 [63] ). According to Roelvink et al. (2009 [23] ), the latter slope must be seen as an average slope after dune erosion, where some stretches may exhibit vertical slopes and other drier parts may have slumped further. On the other hand, the default value for the underwater critical slope (0.3) is much lower and was estimated based on the maximum underwater slope that was observed at the Het Zwin breach test (Section 3.3 in below). When these critical slopes are exceeded, the material is exchanged between the adjacent cells to the amount needed to bring the slope back to the critical slope.
The previous capabilities of XBeach make it eligible as an inundation model besides being a breaching model. Therefore, XBeach can be used as a breaching and inundation model in combination, rather than using two decoupled models to simulate barrier breaching and subsequent coastal flooding.
Test Cases
In the following sections, the performance of XBeach is tested (i) against the results from HEC-RAS and River-2D based on a 1D and 2D synthetic cases, respectively and (ii) against an experimental field case for the breaching of the Het Zwin dam and the subsequent flood propagation (Visser, 1998 [64] ).
1D Synthetic Cross-Shore Profile
In order to validate first the 1D version of XBeach for the proposed combined modelling of the overtopping/overwash and the induced coastal flooding, the synthetic cross-shore profile in Figure 1a is considered. For this purpose, XBeach is applied in the nearshore seaward of the dune toe to obtain the time-dependent inland discharge Q(t) at the landward toe of the dune which is used as an upstream boundary condition for the 1D inundation model HEC-RAS (Figure 1b ) that is limited to the hinterland only. The results obtained from XBeach applied as a 1D inundation model in the hinterland are finally compared to the outcomes from HEC-RAS.
The cross-shore profile in Figure 1a represents a numerical waveflume with a width of 5.0 m (alongshore) and a length of 1130 m. The cross-shore profile consists of three main cross-shore stretches: a 100 m sea stretch, a 30 m sandy dune stretch and 1000 m hinterland stretch, where the dimensions and levels of each stretch are shown in Figure 1 (not to scale). In the sea stretch, the bed level varies from −20.00 m at offshore to 0.00 at the shoreline. The base width and the height of the dune are, 30.0 m and 8.0 m, respectively, where the height is measured from zero sea water level SWL (Mean SWL) as a datum. A 1.0 km flat stretch is added to the landward toe of the dune to represent the profile extent in the hinterland. The main parameters and boundary conditions used within XBeach to simulate this profile are shown in Table 1 , while all other XBeach parameters (see Roelvink et al. 2015 [52] ) are kept by the default of XBeach. The bed is considered non-erodible (hard bed) in the hinterland stretch and erodible from the landward toe of the dune to offshore ("nearshore zone"), with a median grain size of 2 mm. The crossshore spatial step (dx) is considered regular at 2 m length. For both the coastal zone and the The bed is considered non-erodible (hard bed) in the hinterland stretch and erodible from the landward toe of the dune to offshore ("nearshore zone"), with a median grain size of 2 mm. The cross-shore spatial step (dx) is considered regular at 2 m length. For both the coastal zone and the hinterland, a Manning coefficient n = 0.03 [m −1/3 ·s] is assumed to account for bed friction. The storm-induced waves (low-frequency waves) are represented by a Joint North Sea Wave Project (JONSWAP) spectrum with Hs = 1.5 m (significant wave height) and Tp = 6.6 s (peak period). Moreover, the wave direction is considered perpendicular to the coastline while the water flow outside the hinterland stretch in the downstream direction is permitted.
During a storm surge event of 1.0 h, it is assumed that the SWL rises from level zero (0.00 m) as a long wave resulting from the combination of both surge and astronomical tide effects. Two scenarios for the formation of this long wave are considered, where each scenario represents a hydraulic load case ( Figure 2 ):
(i) Load case 1 (LC1): represents, in addition to the wave action described by a JONSWAP spectrum, a sudden sea level rise from 0.00 m to +5.00 m where the latter level persists over the entire storm duration (rectangular shape) and (ii) Load case 2 (LC2): represents, in addition to the wave action described by a JONSWAP spectrum, a linear sea level rise from 0.00 m to 6.00 m within half of the storm duration followed by a linear decrease at the same rate to level 0.00 m within the other half (triangular shape).
The hinterland stretch ( Figure 1b ) is modelled in HEC-RAS using the inland discharge of water and sediment calculated from XBeach at the landward toe of the dune as upstream boundaries. In addition, the same modelling conditions of the synthetic profile by XBeach are considered in the HEC-RAS model. For instance, the lateral flow is prevented by impermeable walls and levee boundaries (boundaries to prevent the lateral flow) in both XBeach and HEC-RAS models, respectively. Moreover, five measuring points (P1-P5), as shown in Figure 1 Moreover, the wave direction is considered perpendicular to the coastline while the water flow outside the hinterland stretch in the downstream direction is permitted. During a storm surge event of 1.0 h, it is assumed that the SWL rises from level zero (0.00 m) as a long wave resulting from the combination of both surge and astronomical tide effects. Two scenarios for the formation of this long wave are considered, where each scenario represents a hydraulic load case ( Figure 2 ): (i) Load case 1 (LC1): represents, in addition to the wave action described by a JONSWAP spectrum, a sudden sea level rise from 0.00 m to +5.00 m where the latter level persists over the entire storm duration (rectangular shape) and (ii) Load case 2 (LC2): represents, in addition to the wave action described by a JONSWAP spectrum, a linear sea level rise from 0.00 m to 6.00 m within half of the storm duration followed by a linear decrease at the same rate to level 0.00 m within the other half (triangular shape). The hinterland stretch ( Figure 1b ) is modelled in HEC-RAS using the inland discharge of water and sediment calculated from XBeach at the landward toe of the dune as upstream boundaries. In addition, the same modelling conditions of the synthetic profile by XBeach are considered in the HEC-RAS model. For instance, the lateral flow is prevented by impermeable walls and levee boundaries (boundaries to prevent the lateral flow) in both XBeach and HEC-RAS models, respectively. Moreover, five measuring points (P1-P5), as shown in Figure 
2D Synthetic Coastal Zone
The coastal zone (1130 × 1000 m) in Figure 3 (all dimensions and levels are set in metres and not to scale) represents a synthetic two-dimensional horizontal (2DH) case study. This zone is also divided into three main stretches as described above. In the 100 m sea stretch, the bed level varies from −20.00 m at offshore to 0.00 m at the shoreline. The dune has a fixed base width of 30 m, while the crest level varies linearly in the longshore direction from level +8.00 m at the dune centre to level +12.00 m at the lateral edges of the considered zone, i.e., the dune crest and thus its side slopes vary alongshore. This longshore variability of the dune dimensions is assumed in order to attempt getting a breach initiation at the lowest point of the dune crest. The hinterland is considered flat and horizontal with a 0.00 m-bed level. However, it contains six regular buildings of 10 m height and 
The coastal zone (1130 × 1000 m) in Figure 3 (all dimensions and levels are set in metres and not to scale) represents a synthetic two-dimensional horizontal (2DH) case study. This zone is also divided into three main stretches as described above. In the 100 m sea stretch, the bed level varies from −20.00 m at offshore to 0.00 m at the shoreline. The dune has a fixed base width of 30 m, while the crest level varies linearly in the longshore direction from level +8.00 m at the dune centre to level +12.00 m at the lateral edges of the considered zone, i.e., the dune crest and thus its side slopes vary alongshore. This longshore variability of the dune dimensions is assumed in order to attempt getting a breach initiation at the lowest point of the dune crest. The hinterland is considered flat and horizontal with a 0.00 m-bed level. However, it contains six regular buildings of 10 m height and horizontal dimensions of 100 × 48 m. These buildings are set in order to check the capability of XBeach to simulate building effects on the flood propagation. Three points, N1, N2, and N3, as shown in Figure 3 , are set as reference points in the XBeach model. Moreover, three cross-sections are provided in Figure 3 to illustrate the details of the considered coastal area: the first is Sec A-A that passes through the lowest crest of the dune and thus the mid of two buildings, while the second and third cross-sections are alongshore sections that pass, respectively, through the measuring point N2 (Sec B-B) and through the middle of the first seaside row of the buildings (Sec C-C).
The bed is considered erodible in both sea and dune stretches. Moreover, a stretch of 250 m of the hinterland adjacent to the dune is also considered erodible, while the rest of the hinterland is considered non-erodible (Hard bed as shown in Figure 3 ). Because the buildings are simulated in XBeach as ground elevations, the bed in the building zone and the buildings themselves are considered non-erodible. For the mobile bed zones, a median grain size of 2 mm is assumed. The bed Three points, N1, N2, and N3, as shown in Figure 3 , are set as reference points in the XBeach model. Moreover, three cross-sections are provided in Figure 3 to illustrate the details of the considered coastal area: the first is Sec A-A that passes through the lowest crest of the dune and thus the mid of two buildings, while the second and third cross-sections are alongshore sections that pass, respectively, through the measuring point N2 (Sec B-B) and through the middle of the first seaside row of the buildings (Sec C-C).
The bed is considered erodible in both sea and dune stretches. Moreover, a stretch of 250 m of the hinterland adjacent to the dune is also considered erodible, while the rest of the hinterland is considered non-erodible (Hard bed as shown in Figure 3 ). Because the buildings are simulated in XBeach as ground elevations, the bed in the building zone and the buildings themselves are considered non-erodible. For the mobile bed zones, a median grain size of 2 mm is assumed. The bed friction is set by using an assumed Manning coefficient n = 0.03 [m −1/3 ·s], which is considered uniform over the entire model.
Similar to the hydraulic loads in the previous synthetic case (Section 3.1), the wave direction is considered perpendicular to the coastline and the storm-induced waves are represented through the model by a JONSWAP spectrum with Hs = 1.5 m and Tp = 6.6 s. The JONSWAP option in XBeach generates alongshore varying time series of the wave energy on the basis of a specified analytical 2D JONSWAP-type spectrum. As a result, the JONSWAP spectrum imposes XBeach to stochastically generate short-crested waves, with variable wave height in the longshore direction. The longshore variability of the wave height (or generally the longshore variability of the hydraulic load) means alongshore varying wave impact (wave collision by breaking waves), alongshore varying wave run-up and rundown, and accordingly alongshore varying erosion. During a storm surge event of 1.0 h, it is assumed that the SWL rises from zero level (0.00 m) as a long wave resulting from the combination of both surge and astronomical tide effects. The formation of the sea level is assumed to take the rectangular form shown in Figure 2 . The whole zone in Figure 3 is simulated in XBeach considering the same parameters and boundary conditions in Table 1 except those shown in Table 2 . Table 2 . Main parameters and boundary conditions used in the analysis of the 2D synthetic coastal area ( Figure 3 ) using Xbeach. The flood propagation in the hinterland zone is simulated in River-2D over a calculation mesh containing the topography of the hinterland only and considering the inland discharge through the expected breach (es), computed from XBeach as inflow boundary. The grid of the River-2D model is designed so that the distance between the TIN nodes is in the range from 8 m to 12 m. The former lower limit (8 m) is chosen to avoid model instabilities during high flow velocity regimes, while the latter (12 m) is chosen so that four nodes can be generated along the shorter dimension (48 m) of the buildings in Figure 3 . In order to compare the flood extent and kinematics in the hinterland, the same simulation circumstances of XBeach are applied to the River-2D model. 
The Case of Het Zwin
In the mouth of the Zwin, a tidal inlet located at the border between the Netherlands and Belgium, an artificial dam (Figure 4a ) was constructed in 1994 with a crest height of 3.3 m + NAP (Dutch datum), crest width of 8 m, landward slope of 1:3, seaward slope of 1:1.6 and longshore length of 250 m. The mean tidal range at Zwin is around 2.85 m. Therefore, the mean tidal prism of the Zwin is about 350, 000 m 3 . The dam was constructed in order to perform an overtopping-induced breaching test to validate the breaching model BRES (Dutch for breach) of Visser (1998 [64] ). Therefore, the breach width at the crest was the main measure. The test is well documented in Dutch by Bakker et al. (1996 [65] ) and in English by Visser (1998 [64] ).
To ensure that the breach is initiated at a certain location, an initial breach was enforced in the middle of the dam (Sec X-X in Figure 4a ) having a depth of 0.8 m, a bed width of 1 m and side slopes of 1:1.6. The level of the surrounding seabed was about 0.7 m + NAP and the experiment was performed under calm conditions (i.e., no waves and no wind). Therefore, the water elevation was the main driver for the breaching process. As a result, the breach developed to a width of 41 m within one hour after the breach initiation. In addition to measuring the temporal evolution of the breach width, the water levels above the NAP and flow velocities were also measured during the experiment at both up-and downstream the dam using five measuring stations MS1 to MS5 (Figure 4b ). 
In the mouth of the Zwin, a tidal inlet located at the border between the Netherlands and Belgium, an artificial dam (Figure 4a ) was constructed in 1994 with a crest height of 3.3 m + NAP (Dutch datum), crest width of 8 m, landward slope of 1:3, seaward slope of 1:1.6 and longshore length of 250 m. The mean tidal range at Zwin is around 2.85 m. Therefore, the mean tidal prism of the Zwin is about 350,000 3 . The dam was constructed in order to perform an overtopping-induced breaching test to validate the breaching model BRES (Dutch for breach) of Visser (1998 [64] ). Therefore, the breach width at the crest was the main measure. The test is well documented in Dutch by Bakker et al. (1996 [65] ) and in English by Visser (1998 [64] ).
To ensure that the breach is initiated at a certain location, an initial breach was enforced in the middle of the dam (Sec X-X in Figure 4a ) having a depth of 0.8 m, a bed width of 1 m and side slopes of 1:1.6. The level of the surrounding seabed was about 0.7 m + NAP and the experiment was performed under calm conditions (i.e., no waves and no wind). Therefore, the water elevation was the main driver for the breaching process. As a result, the breach developed to a width of 41 m within one hour after the breach initiation. In addition to measuring the temporal evolution of the breach width, the water levels above the NAP and flow velocities were also measured during the experiment at both up-and downstream the dam using five measuring stations MS1 to MS5 (Figure 4b ). Considering the model dimensions in Figure 4 , the Zwin dam test was reproduced in XBeach by Roelvink et al. (2009 [23] ), using a non-uniform grid with grid sizes gradually varying from 0.5 m near the breach to approximately 50 m far away from it. The median grain diameter 50 of the bed material was set to 0.3 mm in accordance with the prototype test conditions for the artificial dam. In order to achieve the same volume of the tidal prism, Roelvink et al. (2009 [23] ) defined the volume of the tidal prism using a prismatic profile, so that the mean tidal prism remains the same (350,000
3 ).
Though the experiment was performed under calm conditions and though the tidal prism is replaced by an equivalent prism, this experiment is still appropriate to validate the application of XBeach for the proposed combined modelling of breaching and the induced flood propagation based on: (i) The comparison between the observed and calculated breach widths to assess the capability of XBeach as a breaching model. Considering the model dimensions in Figure 4 , the Zwin dam test was reproduced in XBeach by Roelvink et al. (2009 [23] ), using a non-uniform grid with grid sizes gradually varying from 0.5 m near the breach to approximately 50 m far away from it. The median grain diameter D 50 of the bed material was set to 0.3 mm in accordance with the prototype test conditions for the artificial dam. In order to achieve the same volume of the tidal prism, Roelvink et al. (2009 [23] ) defined the volume of the tidal prism using a prismatic profile, so that the mean tidal prism remains the same (350,000 m 3 ). Though the experiment was performed under calm conditions and though the tidal prism is replaced by an equivalent prism, this experiment is still appropriate to validate the application of XBeach for the proposed combined modelling of breaching and the induced flood propagation based on: (iii) The comparison between the volume of the tidal prism and the total inflow discharge to prove that XBeach calculates the flood extent correctly.
The breaching model of Roelvink et al. (2009 [23] ) is run again using the default setting in addition to the model settings in Table 3 , which represent the difference between this simulation and Roelvink's simulation. The validation results are presented in Section 4.3. 
Results
The results of the first test case are presented in Section 4.1, while Section 4.2 describes the results of the second test case. The results of the dam breach at Het Zwin are then presented in Section 4.3.
1D Synthetic Cross-Shore Profile
The synthetic profile in Figure 1 .a is simulated in XBeach under both the rectangular (LC1) and triangular (LC2) loads as described in Figure 2 . The results of these simulations are presented in Sections 4.1.1 and 4.1.2, respectively. As a result, the inland discharges of both water and sediment are calculated in Section 4.1.3 at the dune's landward toe. The latter discharges are used as upstream boundary conditions for the inundation model HEC-RAS by considering only the hinterland in Section 4.1.4. As a result, the computed water levels and flow velocities by both XBeach and HEC-RAS are compared.
Bed Profile and Water Level Evolution under Load Case LC1 by XBeach
Under load case 1 (rectangular evolution of sea level with wave action) as defined in Figure 2 , the dune is totally overwashed so that seawater can propagate into the hinterland. Figure 5 shows the evolution of both bed level and water level in both sea and hinterland.
A seaward erosion of the dune, which is accompanied by a seaward avalanching, is observed. It develops up to 30 min, resulting in a progressive lowering of the dune crest from level +8.00 m at the start of the simulation to level +6.00 m, which means that the dune was under the collision regime of Sallenger (2000 [66] ); i.e., a regime during extreme events, at which the frontal seaward face of a coastal barrier is subject to collision by breaking waves as well as to wave runup and rundown. The eroded sediment transported under the rundown effect deposits offshore. Because of the dune crest lowering during the first 30 min to level +6.00 m, the sea waves overtop the dune, causing landward erosion. The overtopping phase extended over a duration of ca. 15 min (from 30 min to 45 min). During this phase, the dune crest is lowered ca. 1 m more, thus allowing seawater to overflow the eroded dune. The overflow phase extended until the simulation end, where significant morphological changes occurred during this phase, resulting in full damage of the dune and in sediment deposition behind the dune. As a result, a significant amount of seawater flows inland inducing hinterland flooding. For both overtopping and overflow regimes, the dune works like a broad-crested weir with a movable crest, where a free flow (i.e., no backwater effect) is noticed during the overtopping phase and the beginning of the overflow phase. This movable crest weir becomes submerged with the time marching, which results in the formation of a hydraulic jump downstream of the dune (see the water surface at t = 50 min in Figure 5 ). The hydraulic jump indicates the flow transition from supercritical flow over the dune (Froude number >1) to subcritical flow (Froude number <1) behind it. The length of the hydraulic jump varies with the height of the dune and vanishes when the water level in the hinterland (behind the dune) becomes almost equal to the SWL. transition from supercritical flow over the dune (Froude number >1) to subcritical flow (Froude number <1) behind it. The length of the hydraulic jump varies with the height of the dune and vanishes when the water level in the hinterland (behind the dune) becomes almost equal to the SWL. 
Bed Profile and Water Level Evolution under Load Case LC2 by XBeach
The difference with LC1 (rectangular) is the variation of the SWL, which for LC2 (triangular) is linearly increased from level 0.00 m to level +6.00 m within 30 min and then linearly decreased at the same rate to level 0.00 m after 1.0 h (see Figure 2 ). Figure 6 shows the evolution of both bed and water levels under LC2.
Similar to the behaviour under the rectangular load case, seaward erosion is preliminarily developed resulting in dune crest lowering. Such lowering is followed by wave overtopping at approximately 27.5 min. At this time, both the SWL and dune crest are approximately at the same level. However, the waves overtop the dune followed by overflow. During overflow, the dune behaves like a broad-crested weir, resulting in a supercritical flow over the dune and a subcritical flow behind it. Between these two flow regimes, a hydraulic jump is visible from the water level at t = 35 min (Figure 6 ). With the time marching (from t = 40 min onwards), the dune behaves like a submerged weir. However, the decrease of the SWL reduces the difference between the water levels in front of and behind the dune and thus the inland flow velocity decreases and the hydraulic jump vanishes. Moreover, the SWL becomes lower than the water level in the hinterland at the end of the simulation time. However, the overwash and inundation processes, in general, are faster under the triangular load case (LC2) than under the rectangular one, which means that the form of the hydraulic load affects the speed of both the erosion and the inundation processes. 
The difference with LC1 (rectangular) is the variation of the SWL, which for LC2 (triangular) is linearly increased from level 0.00 m to level +6.00 m within 30 min and then linearly decreased at the same rate to level 0.00 m after 1.0 h (see Figure 2) . Figure 6 shows the evolution of both bed and water levels under LC2.
Similar to the behaviour under the rectangular load case, seaward erosion is preliminarily developed resulting in dune crest lowering. Such lowering is followed by wave overtopping at approximately 27.5 min. At this time, both the SWL and dune crest are approximately at the same level. However, the waves overtop the dune followed by overflow. During overflow, the dune behaves like a broad-crested weir, resulting in a supercritical flow over the dune and a subcritical flow behind it. Between these two flow regimes, a hydraulic jump is visible from the water level at t = 35 min ( Figure 6 ). With the time marching (from t = 40 min onwards), the dune behaves like a submerged weir. However, the decrease of the SWL reduces the difference between the water levels in front of and behind the dune and thus the inland flow velocity decreases and the hydraulic jump vanishes. Moreover, the SWL becomes lower than the water level in the hinterland at the end of the simulation time. However, the overwash and inundation processes, in general, are faster under the triangular load case (LC2) than under the rectangular one, which means that the form of the hydraulic load affects the speed of both the erosion and the inundation processes. 
Water and Sediment Inflow Discharges to the Hinterland
Though the XBeach model does not provide a direct estimation of the inland flow rate, the outputs can be exploited to calculate the flow rate over the crest of a coastal barrier and/or through a breach induced inlet. The inland discharge per meter q(t) over the dune can simply be calculated at either the barrier crest or at the landward toe of a barrier (e.g., P1 and P2 in Figures 6 or 7 , respectively) using the products of the Eulerian velocity vector ( ) at these locations and the local water depth vector ( ) at the same locations. However, the inland discharge calculation at the dune crest (i.e., at P1) is not favoured due to the high mobility (erosion) of the dune crest. In fact, the seaward avalanching results in a lowering of P1 until it falls under the collision regime. In such a situation, discharges at the point P1 are often counted by negative values as long as P1 has fallen beneath wave run-down. During wave rundown, the Eulerian velocity and the discharge are directed offshore and thus have negative values. Such negative values must be avoided when passing the inland discharge to another propagation model (e.g., HEC-RAS) to be used as an upstream boundary for the flood propagation in the hinterland by such models. Therefore, calculating the inland discharge at the landward toe (e.g., at P2) is preferred. Figure 7 shows a comparison between the computed inland water and sediment discharges under both load cases LC1 and LC2.
The erosion process and thus the induced hinterland inundation take place earlier under the triangular load case LC2 (inundation start at t ≈ 1650 s = 27.5 min) than under the rectangular load case LC1 (inundation start at t ≈ 2400 s = 30 min). However, the peak discharge is higher under LC1 than LC2. On the contrary, the sediment discharge under LC2 has a higher peak as compared to LC1. Moreover, the ratio between the sediment to water inflows under LC2 is almost 1%. This ratio decreases under LC1 because more sediment is directed offshore during the collision regime under LC1 than under LC2. Figure 7 , in addition, shows that the sediment transport peaks precede the flow peaks under both LC1 and LC2. The sediment transport potential depends, in addition to the sediment characteristics, on the bed shear stress, which is higher as long as both the discharge and the steepness of the landward slope of the dune are sufficiently high. Therefore, the steeper slope of the dune landward face at the beginning of the overtopping is associated with higher gravity forces on the sediment, so that a lower water discharge Q is required for sediment mobility and transport. This 
Though the XBeach model does not provide a direct estimation of the inland flow rate, the outputs can be exploited to calculate the flow rate over the crest of a coastal barrier and/or through a breach induced inlet. The inland discharge per meter q(t) over the dune can simply be calculated at either the barrier crest or at the landward toe of a barrier (e.g., P1 and P2 in Figure 6 or Figure 7 , respectively) using the products of the Eulerian velocity vector u E (t) at these locations and the local water depth vector d (t) at the same locations. However, the inland discharge calculation at the dune crest (i.e., at P1) is not favoured due to the high mobility (erosion) of the dune crest. In fact, the seaward avalanching results in a lowering of P1 until it falls under the collision regime. In such a situation, discharges at the point P1 are often counted by negative values as long as P1 has fallen beneath wave run-down. During wave rundown, the Eulerian velocity and the discharge are directed offshore and thus have negative values. Such negative values must be avoided when passing the inland discharge to another propagation model (e.g., HEC-RAS) to be used as an upstream boundary for the flood propagation in the hinterland by such models. Therefore, calculating the inland discharge at the landward toe (e.g., at P2) is preferred. Figure 7 shows a comparison between the computed inland water and sediment discharges under both load cases LC1 and LC2.
The erosion process and thus the induced hinterland inundation take place earlier under the triangular load case LC2 (inundation start at t ≈ 1650 s = 27.5 min) than under the rectangular load case LC1 (inundation start at t ≈ 2400 s = 30 min). However, the peak discharge is higher under LC1 than LC2. On the contrary, the sediment discharge under LC2 has a higher peak as compared to LC1. Moreover, the ratio between the sediment to water inflows under LC2 is almost 1%. This ratio decreases under LC1 because more sediment is directed offshore during the collision regime under LC1 than under LC2. Figure 7 , in addition, shows that the sediment transport peaks precede the flow peaks under both LC1 and LC2. The sediment transport potential depends, in addition to the sediment characteristics, on the bed shear stress, which is higher as long as both the discharge and the steepness of the landward slope of the dune are sufficiently high. Therefore, the steeper slope of the dune landward face at the beginning of the overtopping is associated with higher gravity forces on the sediment, so that a lower water discharge Q is required for sediment mobility and transport. This additional gravity effect is higher on the sediment than on water (due to density difference) and might thus result in higher sediment discharge as compared to those under the effect of the peak water discharge. As a result, the sediment discharge peak (i.e., the peak of the sediment transport potential) develops earlier than the water discharge peak. These rather counter-intuitive results are consistent with the result of Worni et al. (2014 [30] ), who compared the temporal evolution of the water discharge with that of the bed shear stress during the entire breaching process. In fact, their comparison shows that the peak of the latter occurs before the water discharge peak. When the overwash progresses, the steepness of the dune landward slope decreases (see Figures 5 and 6 ) and the sediment transport potential decreases accordingly. On the other hand, the flow peak is reached, especially in these weir-like cases, when the sea level over the dune crest reaches its maximum. The latter condition might be achieved at a later stage of the overtopping process when the slope of the dune landward face becomes milder. At this stage, the sediment discharge is lower as compared to that at the beginning of the overtopping. Therefore, the water discharge peak might be reached later than the peak of the sediment discharge as shown in Figure 7 . In the case of a breach, the lateral feeding of the sediment by avalanching from the lateral sides of the breach-induced channel would result in inseparable water and sediment peaks as depicted in Figure 14 . additional gravity effect is higher on the sediment than on water (due to density difference) and might thus result in higher sediment discharge as compared to those under the effect of the peak water discharge. As a result, the sediment discharge peak (i.e., the peak of the sediment transport potential) develops earlier than the water discharge peak. These rather counter-intuitive results are consistent with the result of Worni et al. (2014 [30] ), who compared the temporal evolution of the water discharge with that of the bed shear stress during the entire breaching process. In fact, their comparison shows that the peak of the latter occurs before the water discharge peak. When the overwash progresses, the steepness of the dune landward slope decreases (see Figures 5 and 6 ) and the sediment transport potential decreases accordingly. On the other hand, the flow peak is reached, especially in these weir-like cases, when the sea level over the dune crest reaches its maximum. The latter condition might be achieved at a later stage of the overtopping process when the slope of the dune landward face becomes milder. At this stage, the sediment discharge is lower as compared to that at the beginning of the overtopping. Therefore, the water discharge peak might be reached later than the peak of the sediment discharge as shown in Figure 7 . In the case of a breach, the lateral feeding of the sediment by avalanching from the lateral sides of the breach-induced channel would result in inseparable water and sediment peaks as depicted in Figure 14 . 
Comparison of Inundation Depths and Velocities Obtained from XBeach and HEC-RAS
The HEC-RAS model is used as a benchmarking inundation model to compare the obtained hinterland inundation against the one by XBeach. The same model set-up (e.g., bed friction) and boundary conditions are applied in the HEC-RAS model as in XBeach (see Elsayed and Oumeraci, 2016 [66] for further details). Moreover, both the water and sediment discharges in Figure 7 are used as upstream boundaries to the HEC-RAS model. The sediment transport in the HEC-RAS model is calculated using the formula of Meyer-Peter-Muller (Meyer-Peter and Muller, 1948 [49] ). As a result, a comparison of the temporal evolution of water profiles in the hinterland stretch by both HEC-RAS and XBeach are shown in Figures 8 and 9 for the rectangular and triangular load cases, respectively. Calculated inflow discharge to the hinterland at P2 of both seawater Q (measured from left hand side axis) and sediment Q s (measured from right hand side axis); blue and red colours refer to Q and Q s , respectively; dark colours indicate outcomes under the rectangular load case (LC1) while light colours indicate outcomes under the triangular load case (LC2); Detail (A) shows Q and Q s under LC1, both drawn using one vertical scale.
The HEC-RAS model is used as a benchmarking inundation model to compare the obtained hinterland inundation against the one by XBeach. The same model set-up (e.g., bed friction) and boundary conditions are applied in the HEC-RAS model as in XBeach (see Elsayed and Oumeraci, 2016 [66] for further details). Moreover, both the water and sediment discharges in Figure 7 are used as upstream boundaries to the HEC-RAS model. The sediment transport in the HEC-RAS model is calculated using the formula of Meyer-Peter-Muller (Meyer-Peter and Muller, 1948 [49] ). As a result, a comparison of the temporal evolution of water profiles in the hinterland stretch by both HEC-RAS and XBeach are shown in Figures 8 and 9 for the rectangular and triangular load cases, respectively.
In Figure 8 , the water levels at times 45 and 50 min from both HEC-RAS and XBeach are almost convergent, thus providing a first indication of the capability of XBeach applied as an inundation model. However, HEC-RAS provides higher water levels at times 54 and 60 min, where the difference is larger upstream than downstream of the hinterland stretch. The higher water levels by HEC-RAS at the hinterland inlet can be attributed to the effect of the upstream boundary. In fact, mass conservation is fulfilled, when feeding HEC-RAS by the inflow hydrographs computed from XBeach, but the momentum conservation principle is omitted; i.e., the inland discharge alone is not enough as an inflow boundary condition for HEC-RAS. In addition, the variation of the flow velocity at the hinterland inlet would also be required, so that the model could correctly calculate the water level at the hinterland inlet based on both the imposed hydrograph and flow velocity. Since there is no possibility to feed the inland velocity to HEC-RAS, it calculates the water level at the model inlet based on the incoming discharge and the local bed slope. As a result, with this flat and horizontal bed, HEC-RAS assumes that the flow at the hinterland inlet is always subcritical, which is only appropriate at the beginning of the inundation. The latter might explain why the water levels converge at times 45 and 50 min. At the beginning of the overflow phase, the flow over the dune and at P2 is supercritical, while it is subcritical according to HEC-RAS. This might explain why HEC-RAS provides higher water levels at times 54 and 60 min. The higher water depth at the hinterland inlet results in providing lower values for the associated flow velocity. As a result, the HEC-RAS model cannot reproduce the hydraulic jump at the model inlet. The higher water depth at the inlet leads to a general increase of the water depths, as well as a general decrease of the flow velocity at the points P3, P4 and P5 as shown in Figure 10 .
In Figure 8 , the water levels at times 45 and 50 min from both HEC-RAS and XBeach are almost convergent, thus providing a first indication of the capability of XBeach applied as an inundation model. However, HEC-RAS provides higher water levels at times 54 and 60 min, where the difference is larger upstream than downstream of the hinterland stretch. The higher water levels by HEC-RAS at the hinterland inlet can be attributed to the effect of the upstream boundary. In fact, mass conservation is fulfilled, when feeding HEC-RAS by the inflow hydrographs computed from XBeach, but the momentum conservation principle is omitted; i.e., the inland discharge alone is not enough as an inflow boundary condition for HEC-RAS. In addition, the variation of the flow velocity at the hinterland inlet would also be required, so that the model could correctly calculate the water level at the hinterland inlet based on both the imposed hydrograph and flow velocity. Since there is no possibility to feed the inland velocity to HEC-RAS, it calculates the water level at the model inlet based on the incoming discharge and the local bed slope. As a result, with this flat and horizontal bed, HEC-RAS assumes that the flow at the hinterland inlet is always subcritical, which is only appropriate at the beginning of the inundation. The latter might explain why the water levels converge at times 45 and 50 min. At the beginning of the overflow phase, the flow over the dune and at P2 is supercritical, while it is subcritical according to HEC-RAS. This might explain why HEC-RAS provides higher water levels at times 54 and 60 min. The higher water depth at the hinterland inlet results in providing lower values for the associated flow velocity. As a result, the HEC-RAS model cannot reproduce the hydraulic jump at the model inlet. The higher water depth at the inlet leads to a general increase of the water depths, as well as a general decrease of the flow velocity at the points P3, P4 and P5 as shown in Figure 10 . Similarly, the water levels in Figure 9 under LC2 provide the same behaviour as under LC1. At 35 min, the water levels are convergent since the upstream boundary does not yet have a significant effect. Afterwards, HEC-RAS provides higher water levels due to the effect of the upstream boundary. Figure 11 also shows the temporal evolutions of the water depths and velocities at the measuring points P3, P4 and P5 under LC2. Similarly, the water levels in Figure 9 under LC2 provide the same behaviour as under LC1. At 35 min, the water levels are convergent since the upstream boundary does not yet have a significant effect. Afterwards, HEC-RAS provides higher water levels due to the effect of the upstream boundary. Figure 11 also shows the temporal evolutions of the water depths and velocities at the measuring points P3, P4 and P5 under LC2. In figures 10 and 11, the water depths from HEC-RAS and XBeach increase at the same rate at the inundation start, but the increasing rates from XBeach become lower than those from HEC-RAS by 30% to 40% due to the upstream boundary effect in which the difference increases at the nearer points to the upstream boundary. The higher increase of the water depths in HEC-RAS, as compared to those in XBeach, may explain why the depth-averaged velocities from HEC-RAS are lower than those from XBeach by 30% to 40%. In Figures 10 and 11 , the water depths from HEC-RAS and XBeach increase at the same rate at the inundation start, but the increasing rates from XBeach become lower than those from HEC-RAS by 30% to 40% due to the upstream boundary effect in which the difference increases at the nearer points to the upstream boundary. The higher increase of the water depths in HEC-RAS, as compared to those in XBeach, may explain why the depth-averaged velocities from HEC-RAS are lower than those from XBeach by 30% to 40%. In figures 10 and 11, the water depths from HEC-RAS and XBeach increase at the same rate at the inundation start, but the increasing rates from XBeach become lower than those from HEC-RAS by 30% to 40% due to the upstream boundary effect in which the difference increases at the nearer points to the upstream boundary. The higher increase of the water depths in HEC-RAS, as compared to those in XBeach, may explain why the depth-averaged velocities from HEC-RAS are lower than those from XBeach by 30% to 40%. 
2D Synthetic Coastal Zone
The synthetic study case in Figure 3 is simulated in XBeach under load case LC1 as defined in Figure 2 . The results of the breach and flood propagation simulation are analysed in Section 4.2.1. The water and sediment inflow discharges to the hinterland are obtained in Section 4.2.2. Consequently, the water discharge is used as an upstream boundary condition for the inundation model River-2D, including only the topography of the hinterland in Section 4.2.3, so that the performance of XBeach in the hinterland can be examined by comparing its outcomes with River-2D outcomes.
Breach and Flood Propagation Results from XBeach for Load Case LC1
XBeach is applied to simulate both the breaching of the coastal barrier in Figure 3 , as well as the induced inundation, considering the rectangular load case LC1 (Figure 2 ) in addition to the JONSWAP spectrum that represents the offshore wind waves. Figure 12 shows the model set-up in XBeach as well as the induced breaches, inundation and sediment deposition in the form of fans behind the breaches. 
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Breach and Flood Propagation Results from XBeach for Load Case LC1
XBeach is applied to simulate both the breaching of the coastal barrier in Figure 3 , as well as the induced inundation, considering the rectangular load case LC1 (Figure 2 ) in addition to the JONSWAP spectrum that represents the offshore wind waves. Figure 12 shows the model set-up in XBeach as well as the induced breaches, inundation and sediment deposition in the form of fans behind the breaches. The synthetic 2D case in Figure 3 is set-up in XBeach considering the longshore variability of the dune dimensions in addition to defining the buildings as higher ground elevations (Figure 12a ). The spatial distribution of the buildings and the locations of the reference points N1, N2 and N3 are shown in Figure 12b . A single breach is developed at almost the lowest point of the crest, resulting in the propagation of seawater in the hinterland as shown in Figure 12c . With the time marching, three other breaches develop around the main breach (Figure 12d) . Because of the longshore variability of the dune crest, only one breach was expected to develop at the lowest point of the dune crest, as already observed at the beginning. Indeed, by assuming longshore homogeneity of the strength characteristics of the barrier, this expectation would be justified only for uniformly distributed hydraulic loading alongshore (i.e., with long-crested waves or without any waves). In the case of long-crested waves over a uniformly distributed bathymetry alongshore, one breach might only be expected at the lowest point of the dune crest, since the hydraulic load is uniformly distributed alongshore and, thus, erosion, offshore avalanching and the induced lowering of the dune crest are also uniformly distributed alongshore. In this case, the lowest point of the dune crest would indeed represent the potential location of a unique breach. In the case of short-crested waves (alongshore varying hydraulic loads), which represent the real sea state, the hydraulic load is non-uniformly distributed alongshore (Figure 12e ), resulting in wave focusing at local zones in front of the dune. As a result, the erosion, offshore avalanching and the induced lowering of the dune crest may also vary alongshore, which might result in multiple breaches. Because a standard JONSWAP spectrum is used throughout XBeach for wave generation, short-crested waves with an alongshore varying time series of the wave energy are generated, so that erosion and offshore avalanching will also vary alongshore, thus leading to multiple breaches. Consequently, the location of incipient breaching is not only a function of the longshore variability of the dune characteristics, but also depends on the longshore variability of the hydraulic load. Figure 12e shows an example for the variability of the wave height over the model domain at the storm end (t = 1.0 h) and shows that part of the energy is diffracted through the breach induced inlet. In addition, Figure 12f shows that the breaching process results in The synthetic 2D case in Figure 3 is set-up in XBeach considering the longshore variability of the dune dimensions in addition to defining the buildings as higher ground elevations (Figure 12a) . The spatial distribution of the buildings and the locations of the reference points N1, N2 and N3 are shown in Figure 12b . A single breach is developed at almost the lowest point of the crest, resulting in the propagation of seawater in the hinterland as shown in Figure 12c . With the time marching, three other breaches develop around the main breach (Figure 12d) . Because of the longshore variability of the dune crest, only one breach was expected to develop at the lowest point of the dune crest, as already observed at the beginning. Indeed, by assuming longshore homogeneity of the strength characteristics of the barrier, this expectation would be justified only for uniformly distributed hydraulic loading alongshore (i.e., with long-crested waves or without any waves). In the case of long-crested waves over a uniformly distributed bathymetry alongshore, one breach might only be expected at the lowest point of the dune crest, since the hydraulic load is uniformly distributed alongshore and, thus, erosion, offshore avalanching and the induced lowering of the dune crest are also uniformly distributed alongshore. In this case, the lowest point of the dune crest would indeed represent the potential location of a unique breach. In the case of short-crested waves (alongshore varying hydraulic loads), which represent the real sea state, the hydraulic load is non-uniformly distributed alongshore (Figure 12e ), resulting in wave focusing at local zones in front of the dune. As a result, the erosion, offshore avalanching and the induced lowering of the dune crest may also vary alongshore, which might result in multiple breaches. Because a standard JONSWAP spectrum is used throughout XBeach for wave generation, short-crested waves with an alongshore varying time series of the wave energy are generated, so that erosion and offshore avalanching will also vary alongshore, thus leading to multiple breaches. Consequently, the location of incipient breaching is not only a function of the longshore variability of the dune characteristics, but also depends on the longshore variability of the hydraulic load. Figure 12e shows an example for the variability of the wave height over the model domain at the storm end (t = 1.0 h) and shows that part of the energy is diffracted through the breach induced inlet. In addition, Figure 12f shows that the breaching process results in a significant scour at the location of the main breach as well as in sediment deposition behind the breaches, forming sediment fans.
Water and Sediment Inflow Discharges to the Hinterland
As mentioned in Table 2 , the longshore spatial step (dy) is set at 2 m, which means that the 2D model of the considered coastal zone is divided into 500 cross-shore stretches (longshore extend = 1000 m). The total inflow discharge Q(t) over the dune and through the breach induced inlets is obtained by summing all the discharges calculated for each stretch separately at the landward toe of the barrier. Of course, several dune zones are not overtopped, especially those at the lateral edges of the model (Figure 12d ), which means that there is no necessity to calculate all the discharges at the landward toe of the barrier for all stretches. However, the inland discharge is calculated for the 500 stretches by following the illustrated approach in Figure 13 .
The breaching process results in significant amounts of sediment transported with the water inflow to the hinterland. Therefore, the inland sediment discharge Q s (t) is also calculated from the outcomes of XBeach using the same approach for calculating the inland water discharge Q(t); i.e., the sediment transport rate over the toe of each individual stretch out of the 500 stretches is calculated separately. As a result, the total inland sediment discharge Q s (t) through summation of the calculated individual q s -values is obtained. Figure 14 shows the inland discharge of both water and sediment calculated at the landward toe of the dune.
The significant amounts of saltwater flowing inland, shown in Figure 14 , indicate how crucial the breaching process is for the possible contamination of coastal groundwater. For instance, the inland discharge started from zero at the breach initiation phase and increased steadily to reach approximately 2500 m 3 /s at the storm end. The water stopped flowing inland after one hour just because the storm is ended. Due to the sudden decrease of the SWL from +5.00 to 0.00 m after 1.0 h, the inland discharge is suddenly decreased; it is counted by negative values, which means that part of the water in the hinterland flows back to the sea after the storm end. The sediment transport rate increases with the flow and stops suddenly with the storm end, which means that the breach would steadily enlarge and deepen as long as the water is flowing inland through the breach. The fluctuations of the sediment hydrograph Q s (t) in Figure 14 might be explained by the avalanching effect, where the avalanched soil from the lateral sides of the breach represents a pulse-like feeder of sediment. In fact, soil suddenly avalanches in the form of headcut (soil blocks) when the breach side slopes exceed the critical slope for avalanching, resulting in such fluctuations. a significant scour at the location of the main breach as well as in sediment deposition behind the breaches, forming sediment fans.
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The significant amounts of saltwater flowing inland, shown in Figure 14 , indicate how crucial the breaching process is for the possible contamination of coastal groundwater. For instance, the inland discharge started from zero at the breach initiation phase and increased steadily to reach approximately 2500 3 / at the storm end. The water stopped flowing inland after one hour just because the storm is ended. Due to the sudden decrease of the SWL from +5.00 to 0.00 m after 1.0 hour, the inland discharge is suddenly decreased; it is counted by negative values, which means that part of the water in the hinterland flows back to the sea after the storm end. The sediment transport rate increases with the flow and stops suddenly with the storm end, which means that the breach would steadily enlarge and deepen as long as the water is flowing inland through the breach. The fluctuations of the sediment hydrograph Qs(t) in Figure 14 might be explained by the avalanching effect, where the avalanched soil from the lateral sides of the breach represents a pulse-like feeder of sediment. In fact, soil suddenly avalanches in the form of headcut (soil blocks) when the breach side slopes exceed the critical slope for avalanching, resulting in such fluctuations. Figure 13 . Approach for the calculation of the inland water discharge Q(t) through a breach using XBeach, n = number of longshore stretches, wi represents stretches' widths, di and ui E are the local water depth and Eulerian velocity at dune's landward toe of each stretch (schematic). Figure 13 . Approach for the calculation of the inland water discharge Q(t) through a breach using XBeach, n = number of longshore stretches, w i represents stretches' widths, d i and u i E are the local water depth and Eulerian velocity at dune's landward toe of each stretch (schematic). 
Comparative Analysis of Inundation Modelling Results from XBeach and River-2D
In this 2D case, The River-2D model is used as a benchmarking inundation model to compare the obtained hinterland inundation against the one by XBeach. The same simulation conditions (e.g., bed friction and eddy viscosity) and boundaries are applied in the River-2D model as in XBeach (see Elsayed and Oumeraci, (2016 [66] ) for further details). In addition, buildings are defined in the River-2D model as internal no flow boundaries (impervious blocks). Because River-2D calculates the flood propagation without sediment transport, only the inflow water discharge Q(t) from Figure 14 is used as an upstream input to the River-2D model while the sediment inflow discharge Qs(t) is omitted. In addition, the size of the inflow inlet is fixed at the final size of the four breaches in Figure 12d since the development of the breaches' dimensions over the simulation time cannot be assigned to River-2D. The flood extent calculated by River-2D at t = 45 min, as well as at the storm end (t = 60 min) are shown in Figure 15a ,b, respectively. 
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In this 2D case, The River-2D model is used as a benchmarking inundation model to compare the obtained hinterland inundation against the one by XBeach. The same simulation conditions (e.g., bed friction and eddy viscosity) and boundaries are applied in the River-2D model as in XBeach (see Elsayed and Oumeraci, (2016 [66] ) for further details). In addition, buildings are defined in the River-2D model as internal no flow boundaries (impervious blocks). Because River-2D calculates the flood propagation without sediment transport, only the inflow water discharge Q(t) from Figure 14 is used as an upstream input to the River-2D model while the sediment inflow discharge Qs(t) is omitted. In addition, the size of the inflow inlet is fixed at the final size of the four breaches in Figure 12d since the development of the breaches' dimensions over the simulation time cannot be assigned to River-2D. The flood extent calculated by River-2D at t = 45 min, as well as at the storm end (t = 60 min) are shown in Figure 15a ,b, respectively. Figure 15 , in addition, illustrates the water depths in the hinterland, as well as the instantaneous inflow (Q in ) and outflow (Q out ) discharges through the model inlet and through both the lateral and downstream boundaries, respectively. Moreover, Figure 15 visualises the contribution of buildings to the attenuation of the flood propagation in the hinterland. However, when comparing the flood extents, calculated by River-2D in Figure 15a ,b, with their counterparts by XBeach in Figure 12 c,d , respectively, a substantial difference in the flood extents and water depths can be noticed. Figure 16 provides comparisons between the temporal evolution of water depths by XBeach and River-2D at Sec A-A, Sec B-B and Sec C-C. The three cross-sections show that the flood extent and water depths by River-2D have higher values as compared to those by XBeach. Such higher values can be attributed to two reasons: (i) Assigning the inflow to River-2D through a fixed width (Figure 15 ) while omitting the evolution of the breach size dimensions as generated by XBeach. Such a fixed inflow width results in wider estimates of the flood extent from the beginning to the end of the simulation. (ii) The omission of the momentum conservation principle when passing the inflow hydrograph to River-2D, resulting in subcritical inflow behind the model inlet, which is in contrast to reality.
The higher values for the flood extent and depths by River-2D results in lower values for the flow velocity from River-2D as compared to XBeach. For instance, Figure 17 shows a comparison of the flow velocities at the reference points N1, N2 and N3, revealing lower estimates for the flow velocity from River-2D. Figure 15 , in addition, illustrates the water depths in the hinterland, as well as the instantaneous inflow (Qin) and outflow (Qout) discharges through the model inlet and through both the lateral and downstream boundaries, respectively. Moreover, Figure 15 visualises the contribution of buildings to the attenuation of the flood propagation in the hinterland. However, when comparing the flood extents, calculated by River-2D in Figure 15a ,b, with their counterparts by XBeach in Figure 12 c,d , respectively, a substantial difference in the flood extents and water depths can be noticed. Figure 16 provides comparisons between the temporal evolution of water depths by XBeach and River-2D at Sec A-A, Sec B-B and Sec C-C. The three cross-sections show that the flood extent and water depths by River-2D have higher values as compared to those by XBeach. Such higher values can be attributed to two reasons: (i) Assigning the inflow to River-2D through a fixed width (Figure 15 ) while omitting the evolution of the breach size dimensions as generated by XBeach. Such a fixed inflow width results in wider estimates of the flood extent from the beginning to the end of the simulation. (ii) The omission of the momentum conservation principle when passing the inflow hydrograph to River-2D, resulting in subcritical inflow behind the model inlet, which is in contrast to reality.
The higher values for the flood extent and depths by River-2D results in lower values for the flow velocity from River-2D as compared to XBeach. For instance, Figure 17 shows a comparison of the flow velocities at the reference points N1, N2 and N3, revealing lower estimates for the flow velocity from River-2D. The modelling approaches, using two models separately (overtopping/breaching model for the inflow conditions and CFD model for the subsequent inundation), is not favoured for the following reasons: "manual" transfer of the inflow boundary conditions by considering only mass conservation and omitting momentum conservation, in addition to the non-consideration of the evolution of the inflow width in the common inundation models (see Figure 15 ). This generally results in higher estimates of the flood extent and depths and sometimes even in non-realistic water levels as shown in Figures 8 and 9 , where the water levels at the hinterland inlet exceed the SWL. Therefore, a combined modelling of coastal barrier breaching and induced inundation using XBeach is preferred. For this purpose, a validation of XBeach is performed using the case study of the Het Zwin dam breach.
The modelling approaches, using two models separately (overtopping/breaching model for the inflow conditions and CFD model for the subsequent inundation), is not favoured for the following reasons: "manual" transfer of the inflow boundary conditions by considering only mass conservation and omitting momentum conservation, in addition to the non-consideration of the evolution of the inflow width in the common inundation models (see Figure 15 ). This generally results in higher estimates of the flood extent and depths and sometimes even in non-realistic water levels as shown in Figures 8 and 9 , where the water levels at the hinterland inlet exceed the SWL. Therefore, a combined modelling of coastal barrier breaching and induced inundation using XBeach is preferred. For this purpose, a validation of XBeach is performed using the case study of the Het Zwin dam breach. 
Case Study of Het Zwin Dam Breach
The real overflow-induced breaching case of the 1994 artificial dam at Het Zwin (Figure 4 ) was reproduced in XBeach by Roelvink et al. (2009 [23] ). In this study, Roelvink's breach simulation model is run again considering the model settings in Table 3 . The measured SWL at the measuring station MS2 (Figure 4b) is assigned to the model as the seaward hydraulic load, and no wave action is considered. The dam breach results are presented in sections 4.3.1, while section 4.3.2 presents a comparison of the observed and modelled water depths and flow velocities at the measuring stations in Figure 4b . Section 4.3.3 provides the calculations of the inland discharge as well as a comparison of the total inland volume and the mean tidal prism at Het Zwin.
Reproduction of the Zwin Dam Breach by XBeach
The dam breach at Het Zwin is a field breaching test induced by overflow; i.e., the breach development is only induced by a landward erosion of the dam. Figures 18a,b present the breach development in cross-shore and longshore directions, respectively. Moreover, Figure 18c presents a comparison of the observed and simulated breach widths. Due to the overflow, the landward side of the dam erodes, causing a crest lowering at the breach location as well as an avalanching of the lateral sides of the breach. With the time marching, the dam body at the breach location is totally overwashed. The overwash phase is followed by scouring at the breach location and sediment deposition behind the dam (Figure 18a ). The avalanching algorithm in XBeach enables simulating the lateral development of the breach induced channel (Figure 18b ). The breach process extent until 
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Reproduction of the Zwin Dam Breach by XBeach
The dam breach at Het Zwin is a field breaching test induced by overflow; i.e., the breach development is only induced by a landward erosion of the dam. Figure 18a ,b present the breach development in cross-shore and longshore directions, respectively. Moreover, Figure 18c presents a comparison of the observed and simulated breach widths. Due to the overflow, the landward side of the dam erodes, causing a crest lowering at the breach location as well as an avalanching of the lateral sides of the breach. With the time marching, the dam body at the breach location is totally overwashed. The overwash phase is followed by scouring at the breach location and sediment deposition behind the dam (Figure 18a ). The avalanching algorithm in XBeach enables simulating the lateral development of the breach induced channel (Figure 18b ). The breach process extent until filling the tidal prism (i.e., until the water levels in front and behind the dam become equal). The high correlation (R 2 ), as well as the relatively low Root Mean Square Error (RMSE) between the observed and simulated breach widths, demonstrates the capability of XBeach as a breaching model (R 2 = 0.98 and RMSE = 2.73 m). A comparison of these statistical indicators with those calculated by Roelvink et al. (2009 [23] ) is presented in Elsayed and Oumeraci, (2016 [39] ).
Observed vs Modelled Water Depths and Flow Velocities at Het Zwin Breach
The comparison of the observed and simulated water depths and flow velocities at different points, indicated in Figure 4b , are shown in Figure 19 . At t = 0 (time of pilot channel enforcement), about 10 min prior to maximum water level, the water level at the seaside was 2.72 m + NAP (see observed water level at MS2). At t = 10 min, a water level of 2.75 m + NAP is reached. For the remainder of the test, which has a total duration of 1.0 h, the water level decreases to 2.4 m + NAP. After 1.0 h, the water level behind the breach equals the sea level and the breach stops growing. Because of the water flow in the landside, the water level at MS4 and MS5 increases dramatically until reaching the sea level and the flow velocity at these points increases until reaching the peak velocity after 20 min, then both decrease due to the breaching process becoming increasingly slower until it stops. The comparison of the observed and simulated water depths and flow velocities at different points, indicated in Figure 4b , are shown in Figure 19 . At t = 0 (time of pilot channel enforcement), about 10 min prior to maximum water level, the water level at the seaside was 2.72 m + NAP (see observed water level at MS2). At t = 10 min, a water level of 2.75 m + NAP is reached. For the remainder of the test, which has a total duration of 1.0 hour, the water level decreases to 2.4 m + NAP. After 1.0 h, the water level behind the breach equals the sea level and the breach stops growing. Because of the water flow in the landside, the water level at MS4 and MS5 increases dramatically until reaching the sea level and the flow velocity at these points increases until reaching the peak velocity after 20 min, then both decrease due to the breaching process becoming increasingly slower until it stops. The comparison between the observed and simulated flow velocities and water depths in Figure 19 illustrates the relatively good prediction capability of XBeach. The peak flow velocities at MS4 and MS5 are overestimated by 6% to 15%, while it is underestimation by ca. 30% at station MS3. The latter deviations from the observed values could be attributed to the difference between the observed and simulated breach dimensions. In fact, this may be explained by the calculated narrower breach width at the start of the breach as shown in Figure 18c , which results in a higher flow velocity through the breach and thus at the measuring stations MS4 and MS5. This justification is confirmed by the fact that the narrower breach width will allow less inland flow rates and therefore less simulated versus observed flow velocity at MS3. Nevertheless, these overall comparisons in Figure 19 still demonstrate the capability of XBeach to properly calculate the flow velocity and water depth at any local point in the hinterland. For future improvements, the prediction capability of the breach dimensions will definitely lead to a better prediction of the flow velocity and water depth in the hinterland. The comparison between the observed and simulated flow velocities and water depths in Figure  19 illustrates the relatively good prediction capability of XBeach. The peak flow velocities at MS4 and MS5 are overestimated by 6% to 15%, while it is underestimation by ca. 30% at station MS3. The latter deviations from the observed values could be attributed to the difference between the observed and simulated breach dimensions. In fact, this may be explained by the calculated narrower breach width at the start of the breach as shown in Figure 18c , which results in a higher flow velocity through the breach and thus at the measuring stations MS4 and MS5. This justification is confirmed by the fact that the narrower breach width will allow less inland flow rates and therefore less simulated versus observed flow velocity at MS3. Nevertheless, these overall comparisons in Figure 19 still demonstrate the capability of XBeach to properly calculate the flow velocity and water depth at any local point in the hinterland. For future improvements, the prediction capability of the breach dimensions will definitely lead to a better prediction of the flow velocity and water depth in the hinterland. 
Water Discharge through the Dam Breach
The 2DH model of the Zwin dam was discretized into 101 cross-shore stretches in the longshore direction (e.g., Figure 13 ). These stretches have variable widths that vary from 0.5 m at the breach location to approximately 50 m far away from the breach (see, e.g., Elsayed and Oumeraci, 2016 [66] ). In order to calculate the total inland discharge through the breach-induced channel, the inland discharge should be calculated over the 101 cross-shore stretches using the same schematic approach as in Figure 13 . As a result, the water inflow discharge is calculated for each of the 101 cross-shore stretches in Figure 20a , which shows that the dam was overtopped at only five cross-shore stretches at the beginning of the simulation. With the time marching, many other stretches are also overtopped due to the breach growth. The summation of the inflow discharges in Figure 20a provides the total inflow hydrograph Q(t) as shown in Figure 20b . Q(t) is zero at t = 0 (time of pilot channel enforcement) and increases to 161 3 / after 40 min and reduces again to zero because the water levels at the upstream and downstream dam sides become equal. The area under the water discharge curve in 
The 2DH model of the Zwin dam was discretized into 101 cross-shore stretches in the longshore direction (e.g., Figure 13 ). These stretches have variable widths that vary from 0.5 m at the breach location to approximately 50 m far away from the breach (see, e.g., Elsayed and Oumeraci, 2016 [66] ). In order to calculate the total inland discharge through the breach-induced channel, the inland discharge should be calculated over the 101 cross-shore stretches using the same schematic approach as in Figure 13 . As a result, the water inflow discharge q i is calculated for each of the 101 cross-shore stretches in Figure 20a , which shows that the dam was overtopped at only five cross-shore stretches at the beginning of the simulation. With the time marching, many other stretches are also overtopped due to the breach growth. The summation of the inflow discharges q i in Figure 20a provides the total inflow hydrograph Q(t) as shown in Figure 20b . Q(t) is zero at t = 0 (time of pilot channel enforcement) and increases to 161 m 3 /s after 40 min and reduces again to zero because the water levels at the upstream and downstream dam sides become equal. The area under the water discharge curve in Figure 20b represents the total volume of the inflow water (total volume = 308,430 m 3 ). Such volume depends on the polder area of the tidal inlet as well as on the sea water level; i.e., with higher sea water levels, higher inflow volumes are expected. The latter volume is near to the value of the mean tidal prism (350,000 m 3 ), thus indicating the XBeach capability to predict the flood extent properly. The difference between the total inland volume (308430 m 3 ) and the mean tidal prism (350,000 m 3 ) can be attributed to the difference of the mean tidal level (2.85 m + NAP) to level 2.40 m + NAP at the end of the breaching process (see Figure 19a) . Such a decrease in the sea water level decreases the capacity of the tidal inlet. Figure 20b represents the total volume of the inflow water (total volume = 308,430
3 ). Such volume depends on the polder area of the tidal inlet as well as on the sea water level; i.e., with higher sea water levels, higher inflow volumes are expected. The latter volume is near to the value of the mean tidal prism (350,000 3 ), thus indicating the XBeach capability to predict the flood extent properly.
The difference between the total inland volume (308430 3 ) and the mean tidal prism (350,000 3 )
can be attributed to the difference of the mean tidal level (2.85 m + NAP) to level 2.40 m + NAP at the end of the breaching process (see Figure 19a) . Such a decrease in the sea water level decreases the capacity of the tidal inlet. The comparison between the observed and the calculated (i) breach widths in Figure 18c and (ii) water depths and flow velocities ( Figure 19 ) as well as the comparison between the volume of the tidal prism and the calculated total inland discharge demonstrate the capability of XBeach to properly calculate the breach development together with the resulting water depths, flow velocities and flood extent in the hinterland. These results, therefore, support the suitability of applying XBeach for the combined modelling of barrier breaching and the subsequent flood.
Discussion of the Results
The comparative analyses of (i) the results from the current modelling approach, applying separately an overtopping/breaching model to calculate the inflow hydrograph Q(t) and a common inundation NLSWEs-based model, such as HEC-RAS and River-2D, using Q(t) as an inflow boundary condition at the barrier to simulate the flood propagation in the hinterland, and (ii) the results of XBeach applied to simulate, together, both breaching and subsequent inundation, have clearly demonstrated the advantages of the latter modelling approach. In fact, among the available open-source hydro-morphodynamic models, XBeach is the most appropriate tool for the latter approach.
Indeed, in addition to solving numerically the same governing equations (NLSWEs) as the other common inundation models, XBeach has the following capabilities and advantages: (i) XBeach can generate real sea conditions through generating alongshore varying time series of wave energy (alongshore varying hydraulic loads), where the effect of waves is introduced as a source term in the NLSWEs; (ii) the CFD module can simulate wave overtopping and overflow processes in combination, the flow through the developing breach and the subsequent coastal inundation processes in a single simulation; The comparison between the observed and the calculated (i) breach widths in Figure 18c and (ii) water depths and flow velocities ( Figure 19 ) as well as the comparison between the volume of the tidal prism and the calculated total inland discharge demonstrate the capability of XBeach to properly calculate the breach development together with the resulting water depths, flow velocities and flood extent in the hinterland. These results, therefore, support the suitability of applying XBeach for the combined modelling of barrier breaching and the subsequent flood.
Indeed, in addition to solving numerically the same governing equations (NLSWEs) as the other common inundation models, XBeach has the following capabilities and advantages:
(i) XBeach can generate real sea conditions through generating alongshore varying time series of wave energy (alongshore varying hydraulic loads), where the effect of waves is introduced as a source term in the NLSWEs; (ii) the CFD module can simulate wave overtopping and overflow processes in combination, the flow through the developing breach and the subsequent coastal inundation processes in a single simulation;
(iii) the morphodynamic module can properly calculate sediment transport and the resulting morphological changes and also includes a soil avalanching algorithm making Xbeach capable of to properly simulating the evolution of barrier breaching.
The comparative analysis of the water depths, velocities and flood extent in the hinterland, due to barrier breaching as obtained from XBeach and those obtained by the two benchmarking inundation models (HEC-RAS and River-2D), has revealed the following weaknesses of the uncoupled modelling of breaching and subsequent inundation:
(i) The use of hydrograph Q(t) as inflow conditions to the common inundation models is in line with the mass conservation principle, but the flow velocity v(t) which cannot be accounted for in the inflow conditions is also crucial as it provides, together with Q(t) the momentum; (ii) Higher estimates for the flood extent and water depths, mainly due to the omission of the momentum conservation when transferring the flow from the breaching model to the inundation model (in some cases this may even lead to physically wrong water levels as shown in Figures 8 and 9 ); (iii) No account of the evolution of the inflow width (see Figure 15 ) in the common inundation models.
In this study, these weaknesses are overcome by the combined modelling of breaching and subsequent inundation using XBeach, as demonstrated by the afore-described results of the dam breach case in Het Zwin. Moreover, this study has addressed barrier breaching under diverse hydraulic loads. The hydraulic forcing from the sea constitutes the main driver for coastal erosion, coastal barrier breaching and subsequent flooding. The loading from the sea may be subdivided into two main load categories (a) sea level changes due to storm surges, external surges, seiches, wave set-up, astronomical tides and further long waves of different origins, and (b) storm-induced (short) waves. The former load category represents, in essence, very long waves that generally induce a set-up of the sea level so that the shorter storm waves riding on a higher mean sea level will hit, overtop and/or overflow the natural and man-made barriers of the sea defence system, possibly causing coastal erosion and barrier breaching. Therefore, with the higher sea level, due to the first load category alone (i.e., without storm-induced waves), barrier breaching is unlikely as long as the sea level is less than the lowest crest level of the barrier. As soon as the lowest crest is exceeded, incipient overflow occurs, possibly resulting in a landward erosion and breaching of the barrier. When the storm-induced waves directly impact the dune face exposed to the sea, the latter erodes under repeated wave impacts, wave run-up and run-down. Besides the sediment transported offshore by wave run-down, a seaward dune avalanching would result, which lowers the dune crest, making it vulnerable by the subsequent wave run-up events. As a result, the waves may overtop the barrier causing erosion of the landward side and possibly lowering the crest. In addition to wave overtopping, overflow above the lowered dune crest may then occur, leading to higher flow velocities that reinforce the landward erosion.
The study has demonstrated that dune breach initiation is not only a function of the longshore variability of the dune topography (e.g., crest level), but also a function of the longitudinal variability of the hydraulic load as a result of wave transformation due to the longshore variability of the foreshore morphology mutually interacting with the waves (see Figure 12 ). This might explain why many breaches developed where they were not expected. By adding the residual resistance of the dune material (Elsayed and Oumeraci, 2016 [39] ; Morris, 2011 [67] ) to these triggering factors of breach initiation, the prediction of the breaching process becomes much more complex. In fact, the longshore variability of the resistance of the dune material may be caused by the presence of weak spots (e.g., bioturbation) or zones of less interlocked sediments and less consolidated soils (Figure 21 ).
Dune breach initiation is, therefore, a function of (a) the longshore variability of the dune topography (e.g., crest level), (b) the longitudinal variability of the hydraulic load (e.g., wave focusing) and (c) the longshore variability of the residual resistance of the dune (e.g., weak spots due to bioturbation or low soil consolidation). The latter two triggering factors are highly uncertain and thus decrease the predictability of the potential locations of breaches. Figure 22 illustrates how these triggering factors affect breach initiation. Moreover, it also highlights that the highest uncertainties are expected for the case where the hydraulic load, the topography and the resistance of the dune all together, vary alongshore. In fact, XBeach does not yet account for the spatial variability of the residual resistance of dunes, so it might represent a candidate topic for further development of XBeach.
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Conclusions and Remarks
This study aimed at applying the hydro-morphodynamic model XBeach as an inundation model and a breaching model in combination, rather than using two uncoupled models to simulate a coastal barrier breaching and the induced flooding. The results of this study have demonstrated a new promising application of XBeach and its potential for modelling, together, both dune breaching and subsequent flood propagation in coastal zones. As a CFD model using a NLSWEs solver coupled with a morphodynamic model, which includes a soil avalanching module, XBeach has the capability to integrally simulate coastal inundation induced by extreme storm surges with the advantage of reproducing the mutual interaction between hydrodynamics (e.g., flow in the breach channel) and morphodynamics, including soil avalanching (e.g., breach development). An attempt has been made to demonstrate the advantage of this combined modelling approach using a single hydro-morphodynamic model (XBeach) instead of the current approach using two uncoupled models. In fact, the proposed modelling approach (XBeach) showed a good agreement between the flow velocities and water depths observed in the real case study of the Het Zwin (sand) dam breach. In contrast, the flood extent and flow depths predicted by the current approaches are up to 40% larger than the observed values.
The effect of alongshore variability of both hydraulic loads and barriers topography on the location of breach initiation has been preliminarily implemented in the simulations of this study. Moreover, the longshore variability of resistance characteristics of coastal barriers' materials (e.g., distribution of material inhomogeneity and of weak points along the barrier) on the location of breach initiation has also been briefly discussed. Though the latter was not implemented in the proposed model, it will remain, besides the longshore variability of the hydraulic loads, one of the biggest research challenges.
